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Abstract 
We investigate the formation of deep Phosphorus diffusion profiles with low surface concentrations in one single 
diffusion step. Such processes are suited for front surface field formation for n-type back-contact back-junction (BC-
BJ) silicon solar cells or p-type silicon solar cells with alternative metallization techniques. The deposition 
temperature allows accurate control of the sheet resistance whereas the temperature of the in-situ oxidation strongly 
influences the profile-depth and surface concentration. The newly developed process leads to low dark saturation 
current densities well below 30 fA/cm² on alkaline-textured surfaces and low short circuit current loss at the front 
side. Due to their depth and adjustable surface concentration, the obtained profiles are promising for front-surface-
fields (FSF) and novel n-type emitters. A first implementation in BC-BJ solar cells with aluminum-alloyed emitter 
shows a good blue response of the solar cells and an improved efficiency compared to the reference process by 
0.6 %abs. 
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1. Introduction 
For n-type back-contact back-junction silicon solar cells, a phosphorus-doped front surface field 
featuring low recombination is beneficial, preventing the recombination of minority carriers generated 
near the front side and reducing the effect of electrical shading. Low recombination activity requires low 
doping concentrations and deep profiles. A common way to produce such phosphorus doping is the 
POCl3 diffusion in a tube furnace, subsequent wet chemical removal of the phosphosilicate glass (PSG), 
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wet chemical cleaning, thermal oxidation and finally wet chemical removal of the silicon oxide layer. Due 
to its numerous wet chemical and high temperature steps, this sequence is expensive in industrial  
production and additionally may cause different problems with bulk carrier lifetime, depending on the Si-
material and temperatures applied [1] [2]. In this work we develop a POCl3 tube furnace diffusion to 
produce deep, low surface concentration profiles in one single process, avoiding two wet chemical and 
one high temperature step compared to the described sequence. Thermal oxidation after POCl3-diffusion 
without removing the PSG-layer is reported in literature [3] [4] [5] as well as POCl3-diffusion processes 
on different temperature plateaus [6]. Here we combine in-situ oxidation with different temperature 
plateaus to form deep driven-in phosphorus profiles in one process suitable for the front side of BC-BJ 
solar cells. 
2. Experimental setup 
The POCl3 diffusion is performed in an industrial tube furnace on 190 m thick n-type float-zone 
wafers with a resistivity of 9.2 cm and alkaline textured surfaces for carrier lifetime measurements and 
with planar surfaces for ECV profiling. The diffusion process (Fig. 1) exhibits a deposition phase in 
POCl3, O2 and N2 gas ambient and a subsequent oxidation phase in oxygen ambient at elevated 
temperatures. The temperature of the first plateau, the deposition temperature Td, enables to control the 
sheet resistance whereas we apply two different temperatures Tox and plateau times of the oxidation 
phase, resulting in a process with short (30 min) drive-in at high temperature Tox = 1050 °C, here denoted 
Type A, and one with long (90 min) drive-in at moderate temperature Tox = 950 °C, Type B. As a 
reference process a POCl3-diffusion on a single temperature plateau resulting in a sheet resistance of 
Rsh = 147 /sq is chosen. After the wet-chemical removal of the PSG and cleaning we passivate the 
carrier lifetime samples with a stack of thin silicon rich oxide [7] and 60 nm silicon nitride deposited by 
plasma-enhanced chemical vapor deposition (PECVD), exposed to a contact firing step in a fast firing 
oven at a set temperature of 800 °C and a subsequent forming gas anneal at 425 °C. We extract the dark 
saturation currents for the FSF J0,FSF from QSSPC measurements by the slope method [8], using the same 
models as described in Ref. [9].  
To test the application in solar cells, we produce full screen printed BC-BJ solar cells with aluminum-
alloyed emitter as described in Ref. [10] with aperture area of 16.65 cm2 forming the FSF with the 
reference process without subsequent drive-in and the newly developed process Type A (Rsh = 163 /sq). 
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Fig. 1.  Schematic of the diffusion process. Td is used as 
control parameter for the sheet resistance. 
Fig. 2. Process flow for the fabrication of the carrier lifetime 
samples. The starting wafers are 190 m thick FZ n-type wafers 
(125 mm,  = 9.2 cm) with alkaline textured surfaces. 
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The width of the symmetry element (Fig. 7) is 1.6 mm and the emitter coverage 62 %. In contrast to the 
previously described experiment, the front surface passivation for the solar cells is realized by a short 
thermal oxidation step and subsequent deposition of a 60 nm thick silicon nitride layer by PECVD [11]. 
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Fig. 3. The deposition temperature allows excellent control of 
the sheet resistance. Error bars indicate inhomogeneity over 
wafer and process boat. 
Fig. 4. Carrier concentration profiles measured by ECV. The shape 
of the Gaussian profiles depends strongly on the oxidation 
temperature Tox. 
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Fig. 5. Measured J0 values over sheet resistance (alkaline 
textured surfaces). The error bars denote inhomogeneity, 
scattering of different samples and measurement uncertainties. 
Fig. 6. IQE of two different solar cells, the FSF was formed in (a) 
the reference diffusion and (b) Process Type A. 
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3. Results 
The deposition temperature Td allows excellent control of the sheet resistance (Fig 3) while a high 
homogeneity for 125 mm and 156 mm sized wafers with a standard deviation of inline sheet-resistance 
measurement below 3 % as well as over the process boat is achieved. The oxidation temperature Tox 
mainly influences the surface concentration and profile depth (Fig 4). The in-situ oxidized FSF exhibit 
very low dark saturation current densities on alkaline textured surfaces (Fig 5), well applicable as front 
side doping of solar cells. The J0 -values were extracted from QSSPC-lifetime data in high injection 
(T = 25°C, ni = 8.4 109 cm-3 [9]). 
The IQE (Fig 6) of the solar cell with Process Type A clearly reveals an improved blue response due to 
the lower recombination in the FSF. This results in a slightly higher short circuit current density JSC 
(Table I) of the solar cell compared to the reference. Moreover, the lower J0-value leads to a higher open 
circuit voltage VOC. The newly developed FSF improves the efficiency in comparison to the reference by 
0.6 %abs without introducing any new process steps. 
 
 
FSF formation VOC (mV) 
JSC 
(mA/cm2) 
FF 
 (%) 
  
(%) 
Reference 644 38.4 77 19.0 
This work (Type A) 648 38.5 79 19.6 
Ag contact          Al contact
n+-BSF
Al-p+-emitter
ARC: thin thermal Oxide + SiNx
n+-FSF
1.6 mm
 
Table 1. I-V-data for the cells with in-situ oxidized FSF Type A 
(Rsh = 163 /sq) and with the reference process. The aperture area is 
16.65 cm2. 
Fig. 7. Schematic cross section of the n-type silicon 
solar cell with aluminium-alloyed rear emitter 
4. Summary 
We present a new process to form deep driven-in phosphorus diffusions with low surface 
concentrations in one single diffusion step. The obtained sheet resistances show very good homogeneity 
with standard deviations below 3 % over wafers and process boat. The deposition temperature allows 
excellent control of the sheet resistance in the range from 120 to 300 whereas the surface 
concentration as well as the depth of the profile is controlled by the drive-in process. The low dark-
saturation current densities below 30 fA/cm2 measured on textured test samples seem promising for the 
application on the front side of solar cells. A first implementation as front-surface field in back-contact 
back-junction solar cells with aluminum alloyed rear emitter shows improved conversion efficiency 
compared to the reference process. 
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